To date, high-power scaling of Tm:fiber lasers has been accomplished by maximizing the power from a single fiber aperture. In this work, we investigate power scaling by spectral beam combination of three linearly polarized Tm:fiber MOPA lasers using dielectric mirrors with a steep transition from highly reflective to highly transmissive that enable a minimum wavelength separation of 6 nm between individual laser channels within the wavelength range from 2030 to 2050 nm. Maximum output power is 253 W with M 2 < 2, ultimately limited by thermal lensing in the beam combining elements.
Introduction
Average powers as high as 1 kW have been demonstrated in Thulium fiber lasers [1] along with highpower narrow-linewidth output [2] [3] [4] [5] [6] , wavelength tunability [3, 7, 8] , and all-fiber architecture [1, [4] [5] [6] . Additionally, there have been recent advances in high-power Holmium doped fiber lasers [9, 10] as well as several notable improvements in pulsed Tm:fiber laser performance in nanosecond [11] [12] [13] , picosecond [14, 15] , and femtosecond [16] [17] [18] [19] regimes for use in a wide range of applications such as pumps for mid-IR generation, LIDAR, materials processing, and telecommunications.
For many such applications, high average power and/or high peak power are highly desirable. To supplement ongoing work on scaling Tm:fiber performance from a single aperture, this work aimed to improve upon previous spectral beam combining (SBC) work at 2 μm wavelength [20, 21] to maximize average power and spectral density within the window from 2030 to 2050 nm corresponding to a local maximum in atmospheric transmission.
In [21] , we achieved a maximum combined power of 48 W using a ruled gold-coated reflective diffraction grating as the combining element. Power scaling in these experiments was limited by three factors: low combining efficiency due to the use of a polarization sensitive combining element with nonpolarized sources; the dependence of the combined beam quality on the spectral purity/stability of the laser sources; and beam quality degradation resulting from induced thermal distortion of the grating. In this work, the first issue was solved by employing linearly polarized Tm:fiber master oscillator power amplifier (MOPA) lasers, producing 100 W with M 2 < 1.5 [22] . Using nondiffractive combining elements, inspired by [23] [24] [25] , solved the second issue. However, thermal lensing in the SBC elements remains the current fundamental on power scalability. Although this work does not match the output power of previous efforts [1, 2, 10] , it highlights significant recent improvement in the performance of highpower 2 μm fiber lasers and associated components. Significant reductions in thermal load are required to approach the average power of Yb:fiber systems. This is true in terms of improving efficiency in Tmand Ho-doped fibers as well as passive component absorption at 2 μm and the associated performance limits imposed by the thermal-optic response.
Experimental Setup
The Tm:fiber MOPA systems in this study utilize single-mode fiber in the oscillators and large mode area (LMA) fibers in the amplifiers, as shown in Fig. 1 and originally reported in [22] . In each oscillator, the wavelength and polarization were locked using an individual guided mode resonance filter [26, 27] , such that the wavelengths of MOPAs 1, 2, and 3 are centered at 2046.6, 2040.7, and 2034.6 nm, respectively. As part of this work, we also utilized oscillators in which we replaced the free-space portion of the cavity with an in-line polarizer and a narrow wavelength fiber Bragg grating to make the system "all-fiber." However, the free-space configuration provided greater flexibility to change the wavelength of the oscillators and was used for the results reported here.
The SBC setup is shown in Fig. 2 , illustrating the beam paths for MOPAs 1, 2, and 3, respectively. As shown, the beams from MOPA 2 and 3 are added sequentially to the MOPA 1 beam using wavelength selective mirrors. This approach is well established for wavelength division multiplexing particularly at 1.5 μm; however, to our knowledge this is the first application of this technology for high-power SBC at 2 μm wavelength.
Results
The output spectra of the three MOPAs are shown in Fig. 3 , with ∼6 nm wavelength separation and >30 dB optical signal-to-noise ratio. The <30 GHz bandwidth of each channel is sufficient for tighter wavelength spacing despite being much wider than single-frequency; however, the minimum wavelength separation is set by the SBC elements.
The SBC elements described here, designed/fabricated by CVI/MellesGriot, are a modified version of commercial filters for wavelength division multiplexing at 1.5 μm and utilize coatings consisting of a large number of dielectric layers to achieve a sharp transition from highly reflective to highly transmissive. Magnetron sputtering was used to deposit a highdensity coating in order to avoid infiltration of humidity over time. The proprietary fabrication process has been developed for WMS-15 glass-ceramic substrates, and, unfortunately, re-engineering the dielectric coating "recipe" for a substrate more optimal for use at 2 μm was not possible as part of this work. Figure 4 shows the steepness of the transition, measured using a homemade Tm:fiber amplified spontaneous emission (ASE) source and an optical spectrum analyzer (Yokogawa AQ6375). At 22°F AOI, the transition width is ∼5 nm and is polarization dependent (Fig. 4) ; hence, the need for linearly polarized wavelength channels. By slightly changing the AOI, the transition wavelength can be shifted to cover the wavelength range from 2030-2050 nm.
The measurement noise at >2030 nm is the result of the ASE source being centered at ∼1970 nm and having relatively low spectral brightness at longer wavelengths. The power amplifier output power versus the 790 nm diode pump power for each MOPA is shown in Fig. 5 . The slope efficiency of each system is >40%, demonstrating cross relaxation [28] , but notably lower than the >60% slope achieved in [8] . As described in [22] , the length of active Tm:fiber was optimized for the wavelength of operation and cooled as required for high efficiency [29] . As such, two factors are primarily responsible for the reduced efficiency. The copropagating pump geometry was chosen to reduce the risk of damage to the pump combiner, although this comes at the expense of ∼5-10% efficiency relative to counterpropagating pump, as demonstrated in [4] . The 2030-2050 nm band is near the long wavelength limit of Tm:fiber tunability [7, 8] and, similarly, leads to a reduction in system efficiency relative to systems operating ∼1950-2000 nm.
Finally, the performance of the MOPA systems is very sensitive to the splices between the passive and active portions of the polarization maintaining (PM) LMA fibers (Nufern PLMA-GDF-25/400-10FA and PLMA-TDF-25P/400-HE). These fibers are inherently multimode; therefore, very small splice variations in the amount of higher order mode (HOM) content lead to variations in beam quality and efficiency of the individual units. Furthermore, these PM fibers have larger HOM content [22] than reported for non-PM fiber by [2, 8] . Likewise, the performance of the tapered fiber bundle pump combiner is significantly affected by the use of PM fiber. Most obviously, the maximum power handling of the combiners used in [1] is significantly higher than reported in [4,6, and 22] .
The output power of each MOPA was limited to 100 W to minimize the chance of damage to the [4, 6] . Each amplifier output was collimated to 3 mm (FW1∕e 2 M) beam diameter using a 26 mm focal length Infrasil triplet lens AR coated for 2.0-2.1 μm. Half-wave plates on each laser were used to align polarization, prior to beam combining. The alignment of each MOPA system required slight adjustment relative to output power due to heating of the collimating lens/mount from residual pump light that could not be filtered. Once the systems reached thermal equilibrium (∼5-10 min after changing power), the centroid of the beam was stable with an overall pointing fluctuation measured to be <100 μrad for the individual MOPAs independent of output power.
The total output power and the combined beam power are plotted in Fig. 6 versus the total pump power. The combining efficiency does not degrade with increasing power to the maximum combined power of 253 W, from 284 W total output. The combining efficiency was primarily limited by the maximum transmission of the SBC elements. Figure 4 shows the maximum transmission is limited to <98%, and the maximum reflection is <99%, such that the maximum possible combining efficiency for this setup is ∼96%. The shoulders of the transition extend to ∼10 nm further increasing SBC losses and/or limiting spectral density. The sharpness of the transition is proportional to the number of layers in the dielectric coating stack; however, further increasing the number of layers is technically infeasible due to increased stress/strain in the coating as well as between the coating and the substrate. As such, the 6 nm wavelength spacing was chosen, as it provided the best compromise between combining efficiency and spectral density.
Near-field beam images at full power are shown in MOPAs 1 and 2, with M 2 of 1.2-1.25. This further illustrates the tendency of the PM LMA fiber to suffer from HOM content. The impact of HOM content on beam quality is particularly evident if the amplifier fiber is mechanically perturbed or while the amplifier is reaching thermal equilibrium. Despite the multimode output, the M 2 for each MOPA remains ≤1.5, does not degrade with increased power, and is stable for fixed pump power.
The M 2 data for the combined SBC beam at full power is shown in Fig. 8 . The combined beam quality is worse, with higher asymmetry and astigmatism, than the individual beams, while the overall beam quality is still high (M 2 < 2). This could not be further improved by adjusting the alignment or beam divergence of the individual lasers; therefore, it was not possible to match M 2 < 1.5 of the MOPAs prior to beam combination. Pointing stability does not appear to influence this reduction in beam quality, as the motion of the combined beam was found to be equivalent to that for the individual beams. However, as part of M 2 measurements, it was seen that the location of the beam waist shifted slightly for combined power >225 W. No such shift was observed for the MOPAs individually. As such, the primary limitation to power scaling in these experiments is beam quality degradation during beam combination.
Discussion
Given that the degradation in performance affected beam quality but not combining efficiency or pointing stability, thermal lensing was suspected. To provide a relative measure of thermal effects in our SBC setup, we utilized a Shack-Hartman wavefront sensor and a probe beam to compare the thermal lens induced in our SBC elements to uncoated BK7, UV fused silica, and Infrasil windows. Silica glass with low OH content, such as Infrasil, is preferable for transmissive optics as the absorption at 2 μm is minimal; however, many off-the-shelf optics utilize nonoptimal substrates similar to BK7 and UV fused silica. Each sample was placed in the combined beam with a beam diameter of 3 mm and irradiated with up to 240 W. The focal length of the induced thermal lens is plotted as a function of incident power in Fig. 9 . No thermal lensing was measureable for Infrasil, while BK7 and UV-grade fused silica exhibit relatively strong thermal lensing, as expected. Based on these measurements, the focal length of the induced thermal lens in the SBC elements is 7-10 m as configured in Fig. 1 , which matches well with the observed degradation in beam quality at the maximum combined power.
In this case, the performance of the SBC elements is fundamentally limited by the WMS-15 substrate. The absorption is eight times larger at 2 μm, and the thermal expansion coefficient is over 20 times larger [30] than for an optimal silica glass substrate such as Suprasil 3001 [31] . The overall thermal response is moderated by the negative dn/dT of WMS-15 [30] ; however, it is still ∼10 times larger than silica glass with low OH content. As such, the level of thermal distortion observed in this work would occur at kilowatt average powers in a more optimal substrate.
Unfortunately, the Pockels coefficient was not available from the manufacturer to calculate the substrate photoelastic stress, and the stress/strain associated with the coating cannot be directly determined at this time. While thermal expansion is the dominant effect for WMS-15, stress and strain are likely more important for substrates with lower absorption, as the choice of substrate will influence the stress/ strain inherent in the structure of dielectric coating and will significantly decrease the thermo-optic impact of the substrate relative to the coating and the substrate/coating interface. As such, it is difficult to accurately determine the limits on power scaling this approach to SBC at 2 μm wavelength; however, scalability to >10 kW average power level appears possible.
Conclusion
This article reviews high-power SBC of Tm:fiber lasers at 2 μm wavelength, achieving a maximum combined power of 253 W with 89% efficiency and M 2 < 2. Further power scaling using the approach in this work is limited in two fundamental ways. First, the power of a single MOPA channel is currently practically limited to ∼200 W [5] , as highly polarized output is desirable for this application. Second, and more fundamentally, thermal induced beam distortions in the SBC elements limit power scalability due to high absorption at 2 μm and large thermooptic response relative to more optimal silica glass substrates with low OH content.
This work demonstrates that improvements in substrates and edge filter dielectric coatings will enable this SBC technique to be scaled to multi-kW average powers; however, this work also highlights that high-power component development at 2 μm is still significantly less mature than for 1 μm. Similar and more extreme challenges are associated with the development of optical systems for high-power applications in the mid-IR. 
